Soil moisture is a vital physical parameter of the active-layer in permafrost environments, and associated biological and geophysical processes operative at the microscopic to hemispheric spatial scales and at hourly to multi-decadal time scales. While in-situ measurements can give the highest quality of information on a site-specific basis, the vast permafrost terrains of North America and Eurasia require space-based techniques for assessments of cause and effect and long-term changes and impacts from the changes of permafrost and the active-layer. Satellitebased 6.925 and 10.65 GHz sensor algorithmic retrievals of soil moisture by Advanced Microwave Scanning Radiometer-Earth Observation System (AMSR-E) onboard NASA-Aqua and followon AMSR2 onboard JAXA-Global Change Observation Mission-Water-1 are ongoing since July 2002. Accurate land-surface temperature and vegetation parameters are critical to the success of passive microwave algorithmic retrieval schemes. Strategically located soil moisture measurements are needed for spatial and temporal co-location evaluation and validation of the space-based algorithmic estimates. We compare on a daily basis ground-based (subsurfaceprobe) 50-and 70-MHz radio-frequency soil moisture measurements with NASA-and JAXA-algorithmic retrieval passive microwave retrievals. We find improvements in performance of the JAXA-algorithm (AMSR-E reprocessed and AMSR2 ongoing) relative to the earlier NASA-algorithm version. In the boreal forest regions, accurate land-surface temperatures and vegetation parameters are still needed for algorithmic retrieval success. Over the period of AMSR-E retrievals, we find evidence of at the high northern latitudes of growing terrestrial radio-frequency interference in the 10.65 GHz channel soil moisture content. This is an important error source for satellite-based active and passive microwave remote sensing soil moisture retrievals in Arctic regions that must be addressed.
Introduction
Soil moisture is vital for life, environment and energy-chemical cycles, runoff and evapotranspiration, erosion and weathering [1] - [6] . The distribution of soil moisture in horizontal and vertical extent shows fine-scale heterogeneity by variations of soil mineral and organic composition, hydrologic conductivity, porosity and macroporosity, structure and texture [2] . In the case of bare and sparsely vegetated ground, soil color can influence albedo thus affecting evaporative drying. Topography at large-to-small scales affects soil moisture through variations in aspect, curvature, relative elevation and slope. Vegetation characteristics such as density, structure and general type-classes also affect soil moisture at various spatial and temporal scales. Meteorology affects soil moisture through spatial and temporal variations of humidity, precipitation, solar radiation, surface temperature and surface wind [4] - [6] .
The launch of Seasat and Nimbis-7 in 1978 had the first passive microwave remote sensing instrument the Scanning Multichannel Microwave Radiometer (SMMR) to extract soil moisture information based on the contrast of the dielectric constant of mineral soil and pore water on a global basis [7] [8] . Preceding these missions were theoretical and applied research by the Jet Propulsion Laboratory, California Institute of Technology that lead to the theory of passive microwave algorithmic retrieval of soil moisture and sensor design [9] . The Defense Meteorological Satellite Program Special Sensor Microwave/Imager (SSM/I) in the late-1980s and followed by the Tropical Rainfall Measuring Mission/Microwave Imager were useful in studies of soil moisture proxies without having dedicated retrieval algorithms and sensor channels [10] [11] . The first dedicated soil moisture mission by passive microwave sensor was the JAXA Advanced Microwave Scanning Radiometer (AMSR) on the Advanced Earth Observing System (ADEOS) in 1996 (10-month duration) and followed by AMSR-E on NASA-Aqua in 2002 and AMSR-J on ADEOS-II in 2002 (11-month duration) and currently by AMSR2 on the Global Climate Observing Mission-Water-1 since 2012 [12]- [14] .
Our investigation focuses on comparisons of soil moisture content derived by satellite-based microwave frequency sensor algorithmic retrievals with subsurface-proberadio-frequency measurements from sites in Alaska and Russia. The comparisons are for a period from July 2002 through December 2013. The comparisons are point-wise on a same-day-month through the years. The geographic distributions of the ground measurement locations make them of interest for comparison with retrievals by space-based radio frequency sensors ( Figure  1 ).
Satellite-Based 6.925 and 10.65 GHz Derived Soil Moisture Content
We use global soil moisture content from the JAXA AMSR-E and AMSR2 passive microwave sensors and retrieval algorithms. We examine retrievals most recently developed by JAXA (JAXA-algorithm for AMSR-E reprocess and AMSR2) and previously by NASA (NASA-algorithm for AMSR-E).
The design and functionality of AMSR-E deployed on NASA-Aqua satellite for the NASA Earth Observation Mission derives from the earlier designs employed in AMSR versions flown during the JAXA Advanced Earth Observation System missions I and II [13] [15]. These and current sensors have legacy with conical-mirror scanning (40 Rotations Per Minute-RPM) design concepts employed in the SMMR and SSM/I (new Figure) [15]- [17] . The NASA-Aqua satellite in polar sun-synchronous 98.2 inclination 705 km altitude orbit with local equator crossing times of 13:30 (ascending) and 01:30 (descending) since launch in 2002 maintained the leading position of the A-Train multi-satellite configuration up until January 2012when the lead position was assumed by GCOM-W1 carrying the AMSR2 sensor, Figure 2 AMSR2 is the follow-on passive microwave scanning radiometer developed by JAXA to supersede the capabilities and concepts of AMSR-E [22] . Improvements in antenna and radio design allow for smaller instantaneous field of view (24-by-42 km 10.65 GHz channel compared to 29-by-51 km 10.65 GHz channel for AMSR-E, Table 1 ) and post-algorithm product gridding.
NASA-Algorithm
Soil moisturecontent (volumetric soil water content, skin-layer-one centimeter thickness) estimates are given inunit g/cm 3 by the NASA-algorithm and by the JAXA-algorithm for AMSR-E [23] [24] . The original "at launch" algorithm was a 6-channel (6.925, 10.65, 18. dependence on surface emissivity and reflectivity to the geophysical retrieval parameter vector
estimates of soil moisture (m s ), vegetation water content (w v ) and land-surface temperature (T s , a proxy for skin temperature) in a minimizing Chi-square process at grid points (i) given by ( )
. Early post-launch saw high Radio Frequency Interference (RFI) at the 6.925 GHz channel, which necessitated replacement by the 10.65 GHz channel and furthermore necessitated usage of ancillary pre-existing datasets (look-up tables) to estimate T s and its sensitivity to modifying factors of polarization and soil moisture indices in an iterative correction scheme [27] - [29] . The ancillary look-up tables are global coarse resolution class-parameterizations of vegetation cover (generalized density and type), shallow (nominal 0 to 0.30 m depth) soil texture, ocean and large in-land water masks and landform classes (including frozen ground, mountainous terrain, permanent ice and perennial snow). AMSR-E Level-3 datasets are gridded in the equal-area Ease-grid projection system using a spheroid reference at 25-by-25 kilometer grid intervals [18] . We re-project these using the World Geodetic System (WGS) reference ellipsoid WGS-84. For Earth science applications the AMSR-E datasets employing the NASA-algorithm are archived at the National Snow and Ice Data Center, University of Colorado.
JAXA-Algorithm for AMSR-E (Reprocessed) and AMSR2
The JAXA-algorithmretains the iterative inversion forward radiation transfer functions for soil moisture and vegetation watercontent, emissivity and reflectivity from multi-channel brightness temperatures and polarization ratios as the current NASA-algorithm [22] [30] - [33] . Land-surface temperature from MODIS is utilized in the algorithm-retrieval instead of prescribed annual averaged global look-up table scheme. Vegetation roughness which was previously estimated by generalized vegetation type from course resolution global look-up tables, a modifier of vegetation water content that attenuates soil moisture is estimated from the 10.65 and 36.5 GHz channels by incorporating a fractional coverage parameter from the Moderate Resolution Imaging Spectroradiometer (MODIS) Normalized Difference Vegetation Index (NDVI) 16-day composite indices and polarization index, an index of soil moisture from the channel brightness temperatures [30] . AMSR-E Level-3 reprocessed (JAXA archive) datasets are global daily grids in Geographic projection system at 0.25-by-0.25 degree (~28-by-28 km) with WGS-84 reference ellipsoid.
For the AMSR2 sensor JAXA has carried forward the algorithm development for reprocessing AMSR-E to process AMSR2 soil moisture content retrieval [ 
Ground-Based Radio-Frequency Soil Moisture Measurements in Alaska and Russia
In the late 1970s the Trans-Alaska pipeline from Valdez (146.3˚W, 60.1˚N) to Deadhorse/Prudhoe Bay (148.5˚W, 70.2˚N) and its access highways were constructed. Due to concern of possible effects from changing climate and from pipeline operations to underlying permafrost a project was undertaken to establish a series of boreholes instrumented to measure temperature and other geophysical parameters at depth from Fairbanks to Deadhorse, the north transect and to Gulkana, the south transect [34] [35] . In the late 1990s the sites of the boreholes were further instrumented for recording surface meteorological data and soil moisture at depths within the seasonal thaw layer, i.e. active-layer [36] - [38] . More recently the sites are being instrumented with autonomous operation Iridium Satellite Modems for remote data transmission to our laboratory offices at the Geophysical Institute, University of Alaska Fairbanks. In the period from late 1990s to present new sites for permafrost temperature monitoring at depth, active-layer soil moisture and surface meteorological data were established at other locations in Alaska, Canada, Central Asia, Nordic Regions and Russia [39] - [43] . We focus on a sub-set of sites featuring active-layer soil moisture measurements in Alaska and Russia, Figure 3 and Table 2 .
Our soil moisture sensor at sites in Alaskais the Hydro Probe II 1 [44] [45] . We deploy multiple sensorsat depths between 0.07 m to 1.0 m with Campbell data-loggers and batteries in containers on the ground and solarvoltaic panels above the surface. The Hydra Probe internal circuitry generates a 50-MHz signal (very high frequency radio) along two planar waveguides with four protruding tines (i.e. antennae) from the head for timedomain reflectometry based on empirical relationships of soil volumetric water content (θ, m [47] . Our sites include Hobo data-loggers with container batteries for remote operation and per-year visitation for data offloading.
The ground measurement comparisons with the retrieval algorithm values we use volume fraction vol./vol. in depths (per site) from 0.07 to 0.35 m ( Table 3 and Table 4 ). Most of the probes are at shallow depths near 0.1 m.
Results and Discussion
Our results of the daily comparisons by co-located microwave retrieval per NASA-and JAXA-algorithms with the VHF sub-surface probe measurements per station are illustrated in Figures 4-8 time-series and co-location correlation plots and Figure 9 and Figure 10 maps of spatial trends of retrieval soil moisture content in western North America and Tables 3-5 . We will first examine the comparisons on a site-by-site daily basis that will be followed by summaries of findings. 
Sites Nearest the Arctic Ocean in Alaska and Russia
Our Daily AMSR-E NASA-algorithm retrievals show no change of freeze-thaw state, although they show a cyclical variation from soil moisture content of 0.1 to 0.3 vol./vol., on-average (Figure 4(a) , Barrow and West Dock, Figure 4 (b), Bykovsky and Sukharna, respectively). The peak retrieval soil moisture content occurs during lateMay into early-June. This is followed by a decrease in retrieval soil moisture content on through July, giving the daily 13: 30 Daily AMSR-E JAXA-algorithm retrievals show change of freeze-thaw state that in most cases corresponds with our VHF-probe measurements on a daily basis (Figure 4(a) , Barrow and West Dock, Figure 4 (b), Bykovsky and Sukharna, respectively). On a season-average basis the closest correspondence occurs at West Dock. JAXA-algorithm retrieval averages over-perform relative to the VHF-probe averages at Barrow and Bykovsky. June/July retrieval maxima are near 0.6 vol./vol. at these sites.
Daily AMSR2 JAXA-algorithm retrievals at these sites show seasonality and similar characteristics to the AMSR-E JAXA-algorithm retrievals at Barrow (Figure 4(a) ). The VHF-probe ranges in soil moisture content are much the same over the period of one season a previous. At Sukharna (Figure 4 Table 5 ). This scoring by R 2 does indicate that the AMSR-E JAXA-algorithm is significantly different relative to the AMSR-E NASA-algorithm (Figure 7(a) and Figure 7(b) and Table 5 ). The AMSR2 JAXA-algorithm retrievals versus measurement site R 2 scores are similar to the AMSR-E JAXA scores, and of modest significance (Figure 8(a) and Figure 8(b) and Table 5 ).
Arctic Coastal Plain and Foothills Sites, Alaska and Low-Land Sites Russia
Our sites Franklin Bluffs, Happy Valley and Galbraith Lake cross the Arctic coastal plain and Foothills also within the continuous permafrost zone, a region of short height vegetation of lowland-wetland to up-land tundra zones (Figure 4(a) , Franklin Bluffs, Happy Valley and Galbraith Lake, respectively, and Table 4 . Close-up of the colocation maps of retrieval trends soil moisture content from Figure 9 with plotted locations of civilian and governmental radar and telecommunications, urban areas and gas-oil infrastructure (L, C and X Band) sites along the north coast of Alaska and western Canada.
Daily AMSR-E JAXA-algorithm retrievals show change of freeze-thaw state that have good correspondence in the early-thaw period in June but lacks correspondence with the early-freeze period August with our VHFprobe measurements on a day-of-month basis (Figure 4(a) , Franklin Bluffs, Happy Valley and Galbraith Lake, respectively). The miss-match is most apparent at the Galbraith Lake site on the upper Foothills. JAXA-algorithm retrieval averages are 0. at Galbraith Lake, respectively. In many respects the JAXA-algorithm retrieval averages under-perform the NASA-algorithm averages at these sites. The JAXA-algorithm retrieval ranges over-perform the NASA-algorithm retrievals and under-perform our VHF-probe measurement ranges. The daily AMSR2 JAXA-algorithm retrieval soil moisture content display a decrease, on average, relative to those of AMSR-E at the sites and retain values near zero during winter months.
The Arctic Russia sites are within floodplains and lowlands of the Allaiha and Kolyma Rivers (Figure 4(b) , Allaiha, and Cherskii, Amboliha and Pleistocene Park, respectively, and Table 4 ). Ground vegetation consists of tundra tussock grasses and boreal larch forest, meadow and shrub lands. The active-layer soils can be at times near saturation as in floodplains and well drained in the forest and shrub sites. The site at Pleistocene Park, a research and ecosystem restoration experiment station 5 km south of Chersky is within the boreal steppe ecosystem of the Kolyma River lowland [48] . At Allaiha (Figure 4(b Table 5 ). At Alliaha site both the AMSR-E JAXA and NASA-retrieval versus measurement R 2 scores indicate no correlation. This scoring by R 2 does indicate that the AMSR-E JAXA-algorithm is significantly different relative to the AMSR-E NASA-algorithm (Figure 7(a) and Figure 7(b) and Table 5 ). The AMSR2 JAXA-algorithm retrievals versus measurement site R 2 scores at Franklin Bluffs, Happy Valley, Galbraith Lake, Alliaha and Cherskii (Figure 7(a) and Figure 7 (b) and Table 5 ) indicate no correlation.
Ivotuk and Chandalar Shelf Site: Upper Foothills and Brooks Range, Alaska
The Ivotuk and Chandalar Shelf sites (Figure 4(a) , Ivotuk and Chandalar, Table 4 The JAXA-algorithm retrievals show freeze-thaw state changes such that the early-thaw period has relatively good correspondence with the VHF-probe measurements on a day-of-month basis but the early-freeze period has poor correspondence with the VHF-probes at both sites (Figure 4(a) and Table 4 Co-location and co-time comparisons Figure 5 (a) (Ivotuk and Chandalar) and Table 5 show the AMSR-E JAXA-algorithm retrieval versus measurement site R 2 with the highest value and modest significance at the Chandalar site. The AMSR-E JAXA-algorithm retrieval versus measurement at Ivotuk shows low R 2 that is not significant (Figure 5(a) and Table 5 ). The AMSR-E NASA-algorithm retrieval versus measurement site R 2 show low values and no significance at both Ivotuk and Chandalar sites (Figure 6(a) and Table 5 ). The AMSR2 JAXA-algorithm retrievals versus measurement site R 2 scores have the lowest values and no significance (Figure 8(a) and Table 5 ).
Council Site, Seward Peninsula, Alaska
The Council site on the Seward Peninsula is located about 6 km northwest of Council (town) on a low-to-moderate reliefdense hardwood shrub, about 1.5 m height, dominated tussock tundra terrain. The site location is within the discontinuous permafrost zone. Winter VHF-probe soil moisture content measurement at 0.16 m depth has values near 0.08 vol./vol. and temperature as low as −1.3˚C. The Seward Peninsula is well known for its geothermal hot springs, Quaternary basalt flows and the Pleistocene hydromagmatic Espenberg Maars [49] . VHP-probe soil moisture content measurement show the early-thaw soil moisture rapidly rising to maxima of 0.56 to 0.62 vol./vol. then arapid drop to values near 0.4 vol./vol. that persists into November, likely a vegetation response and followed by another rapid drop in the values as the active-layer re-freezes (Figure 4(a) and Table  4 ). Our VHF-probe soil moisture content measurements span 2002 through 2010, due to access difficulty. To compare with the AMSR2 retrievals we compose Julian-day averages from the preceding series.
At Council site the daily AMSR-E NASA-algorithm retrievals show a cyclical response during thaw-months from near 0.11 to near 0.27 vol./vol. (Figure 4(a) and Table 4 ). NASA-algorithm retrieval average soil moisture content is 0.14 (13:30 ECT) and 0.14 vol./vol. (01:30 ECT) with standard deviation 0.03 and 0.02 vol./vol. at this upland shrub-tussock site. The daily AMSR-E JAXA-algorithm retrievals show a soil moisture content show seasonal thaw response very similar to the VHF-probe measurements from a low near 0.02 up to near 0.56 vol./vol. (13:30 ECT) and from a low near 0.03 to up to near 0.5 vol./vol. (01:30 ECT). JAXA-algorithm retrieval average soil moisture content is 0.11 (13:30 ECT) and 0.09 vol./vol. (01:30 ECT) with standard deviation 0.12 and 0.1 vol./vol. over the period. While the thaw timing shown in the JAXA-algorithm retrievals have good correspondence with the VHF-probe measurements the timing of the freeze appears aliased, by turning the retrieval seasonal response into a spike-like function. Thus the JAXA-algorithm retrieval freeze response occurs during Augusts whereas the VHF-probe measurement response occurs during Novembers. The AMSR2 JAXA-algorithm retrieval soil moisture content has very similar seasonal response and value magnitudes as those of the AMSR-E JAXA-algorithm retrievals at this site.
Co-location and co-time comparisons Figure 5 (a) (Council) and Table 5 show the AMSR-E JAXA-algorithm retrieval versus measurement site R 2 with a value and low significance. The AMSR-E NASA-algorithm retrieval versus measurement site R 2 shows no correlation (Figure 6(a) and Table 5 ). The AMSR2 JAXA-algorithm retrievals versus measurement site R 2 score lower relative to the AMSR-E JAXA score (Figure 8(a) and Table 5 ).
Bonanza Creek LTER Site Tanana Flats, Central Alaska
Southwest (Figure 4(b) and Table 4 ).
The (Fig. 4b and Table 4 ). NASA-algorithm retrieval average soil moisture content is 0.14 (13:30 ECT) and 0.14 vol./vol. Table 5 show the AMSR-E JAXA-algorithm retrieval versus measurement site R 2 a high value of modest significance. The AMSR-E NASA-algorithm retrieval versus measurement site R 2 shows no correlation. The AMSR2 JAXA-algorithm retrievals versus measurement site R 2 score is the same as AMSR-E JAXA, and of modest significance.
Site at the HAARP Facility, South-Central Alaska
Our permafrost-monitoring site in the discontinuous-sporadic permafrost zone of south-central Alaska is at the High-Frequency Active Auroral Research Program (HAARP) site (Figure 4(b) and Table 4 The rapid early-thaw corresponds well with the timing of thaw by the VHF-probe measurements with a relative over-performance of maxima as much as 0.20 vol./vol. relative to the VHF-probe measurements over the period. The JAXA-algorithm retrieval timing of the freeze response is similar to that found at Council site and occurs about 60 days ahead of the early freeze timing as measured by the VHF-probe measurements. The AMSR2 JAXA-algorithm retrieval soil moisture content has very similar characters and thaw-freeze responses as those of the AMSR-E retrievals at this site.
Co-location and co-time comparisons Figure 5 (b) (HAARP) and Table 5 show the AMSR-E JAXA-algorithm retrieval versus measurement site R 2 with a low value and no significance. The AMSR-E NASA-algorithm retrieval versus measurement site R 2 has no correlation (Figure 6(b) and Table 5 ). The AMSR2 JAXA-algorithm retrieval versus measurement site R 2 score has the lowest value and no significance (Figure 8(b) and Table 5 ).
Trends of Soil Moisture Content
Least-squares Analysis of Variance of all the time-series indicates no significant trends in soil moisture content by algorithmic retrieval or ground measurement on a site-by-site basis. In addition there are no significant correlations of soil moisture content by algorithmic retrieval to ground measurement on a site-by-site basis. The ground measurements display a latitudinal variation in their maxima of soil moisture content with the lowmaxima values at stations near the northern coasts of the Arctic Ocean and the high-maxima values at stations near the Brooks Range in Alaska. This is likely an effect of topography. The NASA-algorithm retrievals do not display seasonality, i.e. a change of the freeze/thaw state. Also the NASA-algorithm retrievals under-perform, i.e. are less than, relative to ground measurements at all stations in Alaska and Russia. The JAXA-algorithm retrievals by comparison do show seasonality, which does correspond to the seasonality displayed by the ground measurements. The JAXA-algorithm retrievals do have late-season issues in performance at interior Alaska boreal forest sites relative to ground measurements, and this is likely a vegetation parameter artifact of the retrieval algorithm. The JAXA-algorithm retrievals do over-perform, i.e. are greater than, ground measurements at sites in Alaska and Russia with tundra vegetation, likely a vegetation parameter artifact of the retrieval algorithm an under-perform elsewhere, in part, likely an effect of topography, mixed-vegetation types and the IFOV per channel of the AMSR-E and AMSR2 sensors.
Assessment of Microwave Sensing Soil Moisture Content

Trends per Site
NASA-algorithm for soil moisture content by AMSR-E under-performs, i.e. the retrieval value is less than the ground-measured value, at all locations in Alaska and Russia, Figure 4 through Figure 8 . The under-performance is likely a function of 10.65 OBS B T , assumed T s and vegetation parameters from look-up table values which do not correspond to actual environment conditions. The non-seasonality (freeze/thaw and vegetation response) of the NASA-algorithm and mismatch with ground measurements is evident. Missing daily retrieval soil moisture content values during winter is likely due to an arbitrary land-mask that presumes a frozen state but does not correspond to actual environmental condition. JAXA-algorithm for soil moisture content by AMSR-E and AMSR2 show improvement in performance at all locations in Alaska and Russia relative to ground-measurements yet over-performance at tundra sites is evident. This is likely due to incorporation of MODIS T s as a proxy for skin temperature and MODIS NDVI vegetation parameters, which have a closer correspondence to actual environmental conditions. Use of MODIS derived parameters restores seasonality into the soil moisture content. At boreal forest sites in Alaska the JAXA-algorithm retrievals have performance issue with late-season vegetation from MODIS NDVI 16-day composite and this produces a drop-off in retrieval soil moisture content that does not correspond to ground measurements. For the northern high latitudes the MODIS NDVI 16-day composite produces aliased timing of brown-up, which is likely a miss-match presumed vegetation type from ancillary data used in the processing. An additional influence of the late-season as well as early-season missmatch derives from yearly variations in the snow cover whose microwave emissions can mask those of skin temperature, ground vegetation and soil water content [38] .
The performance of the JAXA-algorithm retrievals shows landscape-scale heterogeneity of the microwave channels IFOV (10 s of kilometers sensing-scale) versus the VHF-probeground measurements (centimeter level sensing-scale). This heterogeneity is relatively less for coastal sites nearest the Arctic Ocean in Alaska and Russia (Figure 4(a) , Barrow and West Dock and Figure 4(b) , Bykovsky, Cherskii and Sukharna) and increases to the south in Alaska where micrometeorology, topography and vegetation types are more varied and mixed relatively to the microwave IFOV.
The period of comparison for the AMSR-E NASA and JAXA-derived algorithm retrievals is from June 2002 to October 2011. At our Alaska and Russia sites there are no significant trends of soil moisture content. There are significant variations of soil moisture content that derive from environmental setting, particularly orographic effects north-to-south across the Brooks Range and soil composition.
Spatial Trends in NASA-and JAXA-Algorithm Retrievals of Soil Moisture Content
Both NASA-and JAXA-algorithm derived soil moisture content shows spatially co-located and significant emergent trends for daytime and nighttime retrievals, Figure 9 and Figure 10 . The trends we find have spatial correspondence to locations of civilian and governmental radar facilities and telecommunications infrastructures and population areas and oil-gas exploration activity particularly evident along the Alaska north coast. It is apparent that since launch in 2002 there has been an increase in terrestrial telecommunications infrastructure using 10.65 GHz as well as other microwave-frequencies in Alaska. It has been recognized that shortly after the start of operations of the AMSR-E mission on NASA-Aqua contamination by terrestrial radio-frequency interference at 6.925 GHz (C-Band), which necessitated the use of the 10.65 GHz (X-Band) for the primary 10.65 OBS B T and soil moisture retrieval [26] . After 2-years of operation significant contamination was apparent in the 10.65 GHz channel though mostly at that time confined to parts of the British Isles, Netherlands, Italy, Southeast Asia and Japan [27] [29] .
Our results show spatial trends of nighttime-retrievals have greater magnitude than those of daytime-retrievals, Figure 10 . While the sun is a weak source of radiation at 10.65 GHz the galaxy is active at 10.65 GHz [50] [51] . Therefore the nighttime increase in "soil moisture content" based on 10 .65
OBS B T
is likely an expression of galactic radio-frequency interference reflected by the land surface and received by the X-Band feed-horn of AMSR-E and AMSR2. Our investigation of the algorithm retrievals through summer 2014 shows continuity in characteristics of the AMSR-E (re-processed) at all of our sites in Alaska and Russia. Further investigation of AMSR2 retrievals for analysis of radio frequency interference is needed.
Future development microwave retrieval algorithms for near-surface soil moisture content and other important environmental parameters need to be aware of the growing effects of radio-frequency interference. As urbanization effects, e.g. the urban heat island effect contaminates near-surface temperature records, radio-frequency interference from man-made and galactic-sources is a form of contamination affecting active and passive microwave receivers and their retrieval products.
Conclusion
Research efforts into the theory and applications of passive microwave remote sensing of soil moisture on a global scale have been on-going for more than 30 years. Challenges remain in regards to removing the confounding effects of vegetation, vegetation roughness and tropospheric relief effects on surface brightness temperature, skin temperature and emissivity, geophysical parameter retrieval and the source depth of radiation at 6.925 and 10.65 GHz channels currently used in sensors such as AMSR2. At these frequencies, particularly the 10.65 GHz channel there is a growing contamination from radio-frequency interference, an artifact of telecommunication urbanization in the Arctic, in addition to nighttime-retrieval galactic radio-frequency interference in the retrieval soil moisture contents. Progress in sensor design and orbital selection and passive microwave theory are needed to overcome the current challenges.
